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Structure and Regulation of the CDK5-p25nck5a Complex
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compound null mice display a phenotype indistinguish-Li-Huei Tsai,2,3,4 and Andrea Musacchio1,4

able from that of CDK5-deficient mice, indicating that1 Structural Biology Unit
p35 and p39 are necessary and sufficient for CDK5 func-Department of Experimental Oncology
tion during neurodevelopment (Ko et al., 2001). To-European Institute of Oncology
gether, these observations point to an essential role ofVia Ripamonti 435
CDK5 in the migration and positioning of neurons duringI-20141 Milan
CNS development.Italy

CDK5 substrates include the neuron-specific cy-2 Department of Pathology and
toskeletal proteins Neurofilament and Tau, the LIS1- and3 Howard Hughes Medical Institute
Dynein-associated protein Nudel, the synaptic proteinHarvard Medical School
Synapsin 1, and the Munc18/Syntaxin1A complex (Bau-200 Longwood Avenue
mann et al., 1993; Fletcher et al., 1999; Hisanaga et al.,Boston, Massachusetts 02115
1993; Ishiguro et al., 1992; Lew et al., 1992; Matsubara
et al., 1996; Niethammer et al., 2000; Paudel et al., 1993;
Shuang et al., 1998). CDK5 has also been shown toSummary
phosphorylate proteins involved in functions of the ma-
ture brain. CDK5 phosphorylates DARPP32, a neuronalCDK5 plays an indispensable role in the central ner-
striatum-specific protein regulating dopamine signaling,vous system, and its deregulation is involved in neuro-
rendering it an inhibitor of PKA (Bibb et al., 1999). Phos-degeneration. We report the crystal structure of a
phorylation of DARPP32 by CDK5 was further shown tocomplex between CDK5 and p25, a fragment of the
dampen the effect of chronic cocaine treatment, indicat-p35 activator. Despite its partial structural similarity
ing a possible regulatory role of CDK5 in drug addictionwith the cyclins, p25 displays an unprecedented mech-
(Bibb et al., 2001).anism for the regulation of a cyclin-dependent kinase.

Deregulation of CDK5 activity upon conversion of p35p25 tethers the unphosphorylated T loop of CDK5 in
to p25 has been implicated in neurodegenerative dis-the active conformation. Residue Ser159, equivalent
eases. p25 is a 208 residue C-terminal proteolytic prod-to Thr160 on CDK2, contributes to the specificity of the
uct of p35. The accumulation of p25 in human brainCDK5-p35 interaction. Its substitution with threonine
tissues correlates with Alzheimer’s disease affectionprevents p35 binding, while the presence of alanine
(Patrick et al., 1999). Conversion of p35 to p25 can beaffects neither binding nor kinase activity. Finally, we
induced by a variety of neurotoxic conditions includingprovide evidence that the CDK5-p25 complex employs
ischemia, excitotoxicty, and � amyloid peptide (Lee eta distinct mechanism from the phospho-CDK2-cyclin
al., 2000). The cysteine protease calpain is responsibleA complex to establish substrate specificity.
for the proteolytic processing of p35 to p25 under these
conditions (Kusakawa et al., 2000; Lee et al., 2000; Nath

Introduction et al., 2000). Despite the fact that both p35 and p25
efficiently activate CDK5, p25 displays distinct proper-

Cyclin-dependent kinases (CDKs) constitute a family of ties from p35. First, p35 is a very unstable protein with
serine/threonine kinases whose activity is regulated by a half-life of 20 to 30 min (Patrick et al., 1998), while p25
the interaction with proteins known as cyclins (Morgan, displays a substantially longer half-life. In addition, p35
1995). Although most CDKs have been implicated in the localizes to cellular membranes by virtue of an N-termi-
regulation of the cell division cycle, emerging evidence nal myristoylation motif (Patrick et al., 1999). In neurons,
indicates that certain members of this family are in- p35 is present throughout the entire cell including the
volved in other processes. An important example is rep- tips of processes. p25 lacks the myristoylation site and
resented by CDK5, whose function is critical during neu- is concentrated in the cell body and nucleus in neurons.
ronal development (Smith et al., 2001). The spatial and These properties of p25 lead to deregulation of CDK5
temporal pattern of CDK5 activation matches that of its kinase activity in vivo, which is associated with tau hy-
activators, p35 and p39, which are primarily expressed perphosphorylation, cytoskeletal disruptions, and
in postmitotic neurons of the central nervous system apoptotic death of neurons (Patrick et al., 1999). Consis-
(CNS). Targeted disruption of the mouse CDK5 locus tently, transgenic expression of p25 results in tau and
results in lethality around birth, with severe defects in neurofilament hyperphosphorylation and in cytoskeletal
the lamination of the cerebral cortex, hippocampus, and abnormalities (Ahlijanian et al., 2000). Together, these
cerebellum (Ohshima et al., 1996). Disruption of the p35 observations suggest that calpain-mediated cleavage
locus results in a milder phenotype, with inverted lami- of p35 to p25 may play a role in the pathogenesis of
nation of neurons in the cortex, defects in fasciculation Alzheimer’s disease. An elevated level of p25 has also

been demonstrated in the mouse model of amyotrophic
lateral sclerosis (Nguyen et al., 2001). It is thus conceiv-4 Correspondence: amusacch@ieo.it (A.M.), li-huei_tsai@hms.
able that CDK5-p25 is a general factor involved in aharvard.edu (L.-H.T.)

5 These authors contributed equally to this work. broad spectrum of neurodegenerative diseases.
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Similar to other CDKs, active CDK5 is a proline- CDK5 is not phosphorylated by CAK in vitro (Poon et
directed kinase that phosphorylates in vitro the amino al., 1997; Qi et al., 1995). In view of the role played by
acid sequence (S/T)PX(K/H/R) (where S or T are the T loop phosphorylation in CDK2 activation and substrate
phosphorylatable serine or threonine, X is any amino recognition, it is expected that p35 provides a phosphor-
acid, and P is the proline residue in the �1 position that ylation-independent mechanism to tether the CDK5 T
explains the definition of proline-directed kinase), and loop in an active conformation similar to those displayed
sites conforming to this consensus sequence are pres- by active CDK2 and ERK2. Furthermore, in the absence
ent in CDK5 substrates such as Neurofilament, Synapsin of T loop phosphorylation, an alternative mechanism
I, and Munc18 (reviewed in Smith et al., 2001). General must be present to allow the preferential recognition by
principles on the structural bases of activation and sub- CDK5 of positively charged residues at the �3 position.
strate recognition by CDKs have been derived from crys- The crystal structure of the CDK5-p25 protein com-
tallographic analyses of apo-CDK2 (inactive), CDK2- plex provides an insight into the mechanisms that render
cyclin A (partially active), phospho-CDK2-cyclin A (maxi- the phosphorylation of the CDK5 activation loop super-
mally active), and a complex of the latter with a substrate fluous for the activation of this kinase. We also present
peptide containing the sequence SPRK (Brown et al., biochemical evidence that the CDK5 T loop plays a criti-
1999; De Bondt et al., 1993; Jeffrey et al., 1995; Russo cal role in determining the selectivity of the interaction
et al., 1996). These studies clarified that cyclin A pro- with p35. Finally, we reveal an involvement of the regula-
motes the repositioning of the CDK2 PSTAIRE helix (fos- tory subunit in the recognition of positively charged sub-
tering the essential interaction between Glu52 and strates of the CDK5 kinase.
Lys33) and a rearrangement of the activation segment
(or T loop) that partially relieves the steric blockade to Results and Discussion
the active site observed in apo-CDK2 (Jeffrey et al.,
1995). Maximal activation of CDK2 requires the phos- Structure Determination
phorylation by the CDK-activating kinase (CAK) of a The human p25 and CDK5 proteins were coexpressed
threonine residue (Thr160 in CDK2) in the CDK2 activa- in insect cells using a single Baculovirus vector. In order
tion segment. This step stabilizes a stretched conforma- to avoid apparent toxicity from unregulated CDK5 activ-
tion of the T loop, which is ideally suited to recognize ity, residue Asp145, located in the conserved Asp-Phe-
substrates containing a proline residue in the �1 posi- Gly motif, was mutated to asparagine to produce an
tion (Brown et al., 1999; Russo et al., 1996). A very similar inactive kinase. The full-length CDK5 sequence was
conformation is observed in the dually phosphorylated fused in frame to a C-terminal hexahistidine tag, and
and active form of another proline-directed kinase, the protein complex was purified by immobilized metal
ERK2, further emphasizing the relevance of T loop con- affinity chromatography and other conventional chro-
formation for the specificity of substrate recognition (Ca- matographic techniques (see Experimental Proce-
nagarajah et al., 1997). The structural studies also clari- dures). The complex crystallized in space group C2, with
fied that the preference of cyclin A-phospho-CDK2 for two p25-CDK5 complexes in the asymmetric unit (Table
positively charged residues at position �3 relative to 1). The structure was determined at a resolution of 2.65 Å
the phosphorylatable Ser/Thr originates from a direct using a combination of Molecular Replacement and den-
interaction of the phosphate group of Thr160 with the sity modification techniques (see Experimental Proce-
positively charged side chain of the substrate (Brown dures). The electron density maps displayed good den-
et al., 1999). This observation explained biochemical sity for CDK5 and for residues 147 to 293 of p25. The
experiments showing that cyclin A-phospho-CDK2 has

N-terminal segment and 14 C-terminal residues of p25
a strong preference for substrates containing the se-

were invisible in the electron density. The model has
quence SPRK relative to SPRA, while the unphosphory-

been refined to a crystallographic R factor of 24.2% andlated form (which is roughly 100-fold less active than
a free R factor of 28.2% for all data between 20 and 2.65 Å,the phosphorylated form) phosphorylates these pep-
with good stereochemical parameters (Table 1).tides with similar efficiency (Solomon and Kaldis, 1999).

This dual mechanism of CDK activation—cyclin bind-
The p25 Globular Domaining and activation loop phosphorylation—has general
A ribbon diagram of the p25-CDK5 complex is shownvalidity for the members of the CDK family. Evidence is
in Figure 1. CDK5 is structurally very similar to CDK2,accumulating, however, that CDK5 may be subject to a
as expected from a sequence identity of 60% betweendifferent regulatory strategy. The p35 and p39 CDK5
these kinases. Residues 147 to 293 of p25 fold into aactivators are homologous proteins that do not share
globular domain (p25GD) whose position relative to thedetectable sequence similarity with the cyclins. p35 and
kinase moiety is closely reminiscent of that occupiedp39 bind CDK5 with exquisite selectivity and do not
by cyclin A when bound to CDK2 (Jeffrey et al., 1995).appreciably bind to or activate other members of the
There are eight � helices in the p25GD (Figure 1). WeCDK family (Poon et al., 1997). Conversely, although
define the first helix as the N-terminal helix (�NT), whileCDK5 interacts with cyclins such as cyclin D and cyclin
the remaining seven helices are named �1 to �7 (FigureE, the resulting complexes are not endowed with cata-
2A). Helices �1 to �5 adopt a topology similar to thelytic activity, and their precise function remains obscure
cyclin-box fold (CBF), the structural motif present in the(Miyajima et al., 1995; Xiong et al., 1992). A further dis-
cyclins (Gibson et al., 1994; Noble et al., 1997). Thetinctive feature of CDK5 activation is that T loop phos-
uncertain phylogenetic origin of p25 and its structuralphorylation is not required to activate CDK5-p35, and
differences with bona fide members of the CBF familydespite the presence of a phosphorylatable residue

(Ser159) at a position equivalent to Thr160 of CDK2, prompted us to adopt the definition of CBF-like motif
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Table 1. Structure Determination of the CDK5-p25 Complex

Data Statistics

Data Set C2 C2221 (I) C2221 (II)

Unit cell dimensions a � 149.0 a � 89.5 a � 87.8
b � 89.8 b � 144.6 b � 141.8
c � 82.6 c � 82.0 c � 81.0
� � 93.0

Resolution (Å) 20–2.65 15–3.20 12–3.55
Observations/unique reflections 67318/32449 22615/9160 19436/6207
Completeness (last shell)(%) 93.9 (78.5) 97.2 (93.2) 97.8 (91.6)
Rsym

a (last shell)(%) 4.3 (23.3) 6.1 (43.2) 7.7 (15.9)
I/�I (last shell) 16.3 (3.6) 13.1 (1.5) 13.0 (4.1)

Refinement Statistics

Data Set C2

Resolution (Å) 20–2.65
Protein atoms 6982
Reflections (working set/test set) 28718/1506
Rcryst

b (%) 24.2
Rfree

c (%)(% of data) 28.4 (5)
R.m.s. bonds (Å) 0.021
R.m.s. angles (�) 2.3

a Rsym �

�
hkl

�
i
|Ii(hkl ) � I(hkl )|

�
hkl

�
i

Ii(hkl )

b Rcryst �

�
hkl

||Fobs| � k|Fcalc||
�
hkl

|Fobs|
c Rfree is equivalent to Rcryst but is calculated using a disjoint set of reflections excluded from the refinement stages.

(CBFL), rather than CBF, whose use will be limited to that the conservation of structurally or functionally im-
portant residues in p35 and p39 is precisely limited to thecyclins and related proteins.

Ribbon diagrams of the p25GD and of cyclin A (residues p25GD (Figure 2C). In addition, the p35 and p39 segments
neighboring the p25GD region do not appear to contain175–432 of human cyclin A) are shown in Figures 2A and

2B, respectively. In contrast to cyclin A, which contains enough apolar residues to support the formation of a
stable hydrophobic core (Figure 2C), and several prolinetandem copies of the CBF (Brown et al., 1995; Gibson

et al., 1994; Jeffrey et al., 1995), there is a single CBFL and glycine residues may further counteract high order
structuring. Consistent with this view, the N-terminalregion in p25. This is not a distinguishing feature of p25,

however, as a survey of the SMART database shows region of p25 (residues 99–146) is invisible in the electron
density maps and is readily removed from the p25-CDK5that there are several instances of proteins containing

a single copy of the bona fide CBF domain (Schultz complex by limited proteolysis (data not shown). Thus,
we suggest that p35 and p39 share a similar structuralet al., 2000). Cables, a recently identified CDK5 ligand

(Matsuoka et al., 2000; Zukerberg et al., 2000), contains organization, consisting of relatively large and unstruc-
tured N-terminal regions and a C-terminal globular do-a segment (residues 430–550 of the mouse sequence)

whose structural similarity with the CBF is strongly sup- main with the same topology and functional properties
of the p25GD revealed by our crystal structure. The N-ter-ported by threading analysis (Jones, 1999). An alignment

of the Cables CBF to the first CBF of cyclin A is shown minal segments of p35 and p39 play a role in protein
localization, may regulate their stability, and may act asin Figure 2C. Single CBFs are also found in the Pcl-type

cyclins and Pho80, activators of the functional homolog a docking site for CDK5 regulators.
of CDK5 in budding yeast, Pho85 (Moffat et al., 2000).

Most contacts of cyclin A with CDK2 map to the N-ter- The p25-CDK5 Interaction
The p25GD and the N-terminal region of cyclin A adoptminal helical segment (�NT, gray) and to the first CBF

motif (orange), and our comparison with p25 can be a similar position on their cognate kinases, and an equiv-
alent surface area is buried (roughly 3400 Å2). The detailslimited to this region. The progression of secondary

structure in the p25GD is similar to that of cyclin A, with of the interactions, however, are not easily amenable to
a direct comparison due to the structural differencesan N-terminal helix (gray) followed by the CBFL region

(helices �1-�5, in yellow). The CBFL is followed by two between these domains. The �NT helix may be an impor-
tant determinant of these differences. In cyclin A or aadditional helices (�6-�7 in red) that pack against the

core of the domain to bring the N- and C-terminal regions 	-herpesvirus cyclin (M-cyclin), this element is exten-
sively implicated in CDK2 binding (Card et al., 2000;in close proximity (Figure 2A). Although the p25GD repre-

sents only a fragment of the p35 and p39 activators, Jeffrey et al., 1995), while the �NT of p25 does not
interact with CDK5 (Figure 2C). The reported interactionwe feel that other globular domains are unlikely to be

present in these proteins. This is supported by the fact between CDK5 and a peptide corresponding to the p25
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Figure 1. Structure of the CDK5-p25 Complex from the Standard Front View Ribbon Diagram of p25-CDK5

p25 (yellow) binds CDK5 (light blue) in the region of the PSSALRE helix (green) in the kinase small lobe. There are extensive contacts with
the activation loop (dark blue). The position of the N and C termini is shown. Figures 1–4 and 6A were created using programs Ribbons and
GRASP (Carson, 1991; Nicholls et al., 1991).

�NT helix is inconsistent with our structural data (Chin More significant to understanding the structural bases
of CDK5 activation are the extensive contacts made byet al., 1999). In p25, �NT packs tightly against �1, �2,

and the last portion of the �7 helices (Figure 2). A close p25 with the activation loop of CDK5, a feature that
is not observed in CDK-cyclin complexes (Figure 4). Acontact between Gly156p25 in the �NT helix and

Pro171p25, located at the beginning of �1, displaces �1 surface representation of the bottom surface of the
p25GD (Figure 4A) shows the presence of a ridge, ratherinto a significantly different position from that observed

in cyclin A (Figure 3). As a consequence of this arrange- hydrophobic in character, formed by residues located
in the last portion of the �3 and �6 helices, and by thement, the �4 and �5 helices also adopt a different position

in p25 and appear to be related to their cyclin counterparts loops that follow these helices. Residues 148–153 of
CDK5, located in the activation loop, are accommodatedby a concerted rotation. The structural differences explain

retrospectively the difficulties in producing accurate into this ridge. The side chain of Ile153CDK5, at the bending
tip of the activation loop, fits snugly into a pocket formedstructural alignments of p25 on cyclin A using threading

methods or other approaches (Brown et al., 1995; Chou by the side chains of A199p25 (�1-�2 loop), Met237p25 (�3
helix), Ile275p25, Ala277p25, Pro279p25, and Phe282p25 (�6-et al., 1999; Tang et al., 1997).

The overall result of these positional differences is �7 loop). Thus, the interaction of p25GD with CDK5 in-
volves residues located outside the CBFL region, in par-that the �1-�2 and �3-�4 loops of p25 approach the

kinase moiety, and the activation loop in particular, ticular in the �6 helix and the �6-�7 loop (Figure 2C).
The interaction is completed by the �3-�4 loop, whichmuch more closely than the equivalent segments of

cyclin A (Figure 3). This does not affect the relative posi- pushes against the CDK5 activation loop, in particular
through the side chains of Asn239p25 and Ile241p25. Thetion of the PSSALRE (CDK5) and PSTAIRE (CDK2) heli-

ces, which adopt an identical position in CDK5-p25 and p25 residues participating in CDK5 binding are almost
completely invariant in p35 and p39 across species (Fig-in cyclin A-phospho-CDK2 (Figure 3). Although a struc-

ture of apo-CDK5 is not available, we assume that p25 ure 2C).
triggers a similar conformational rearrangement of the
PSSALRE helix, and, more generally, of the CDK5 small Snapshot of an Active Kinase Conformation

The overall effect of the interactions described abovelobe, to that observed upon cyclin A binding to apo-
CDK2. is that the activation loop of CDK5 is tethered in an
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Figure 2. Comparison of p25 and Cyclin A

(A) Ribbon diagram of the p25GD with a view identical to that adopted in Figure 1. The p25GD includes the �NT helix (gray), the CBFL (yellow;
helices �1 to �5), and the �6 and �7 helices (red).
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extended conformation that closely resembles those activity of a CDK5-p25 complex reconstituted from re-
combinant proteins (Poon et al., 1997). Furthermore,observed in the mono- and dually phosphorylated and

fully active forms of CDK2 and ERK2, respectively (Fig- the specific activity of unphosphorylated recombinant
CDK5-p35 is similar to that of the complex purified fromure 4B). Structure determination of the phospho-CDK2-

cyclin A complex with a peptide containing the SPRK brain extracts, and p25-CDK5 and phospho-CDK2-
cyclin A have similar specific activities (Qi et al., 1995).sequence by Brown and collaborators (1999) showed

that the interaction of CDK2 with proline in the �1 posi- Finally, mouse CAK does not phosphorylate human
CDK5 in vitro under conditions that lead to the effectivetion of the substrate requires the repositioning of the

carbonyl group of Val163, which is triggered by the phos- phosphorylation of CDK2 on Thr160 (Poon et al., 1997).
Our data apparently contradict the observations ofphorylation of Thr160. This creates a binding pocket

for the proline side chain and disfavors the binding of Sharma and collaborators (1999a), who found that phos-
phorylation of recombinant CDK5 by an activity in PC12substrates with residues other than proline, which would

remain with an uncompensated hydrogen bond for the lysates results in increased catalytic activity, while the
CDK5S159A mutant did not show similar activation. A pos-main chain NH group of the �1 residue (Brown et al.,

1999). Precisely the same strategy has been adopted sible explanation of these results is that CDK5 under-
goes stimulatory phosphorylation at sites other thanby active ERK2, another proline-directed kinase (Cana-

garajah et al., 1997). In CDK2, the repositioning of the Ser159 and that the mutant is insensitive to this stimu-
lation.carbonyl of Val163 is triggered by Val164, which adopts

a left-handed conformation (φ � 72.5�, 
 � 130.8�) that
is stabilized by a network of hydrogen bonds (Brown et Interaction of p25 with Residues of the CDK5 T

Loop Might Determine Binding Specificityal., 1999; Russo et al., 1996). Phosphorylation also leads
to the loss of a short helical turn in the region of Thr160, The p25-CDK5 interaction is very selective, and mem-

bers of the CDK family other than CDK5 are unable toresulting in the elongation of the CDK2 activation loop.
Figure 4B shows the excellent superposition of the bind p25 with high affinity (Poon et al., 1997). This has

to be reconciled with the limited degree of sequenceactivation loops in the CDK5-p25 and phospho-CDK2-
cyclin A complexes. After superposition of the respec- variation within the CDK alignment, in particular at the

positions that our structure implicates in p25 binding.tive kinase moieties, the C� atom of Ser159CDK5 is 5.1 Å
away from the C� atom of unphosphorylated Thr160CDK2 The extensive involvement of the CDK5 activation loop

in p25 recognition led us to speculate that some levelbut only 1.3 Å away from the C� atom of phospho-
Thr160CDK2. More significantly, the main chain dihedral of discrimination against incorrect matches may arise

from specific contacts involving this region of CDK5.angles for the CDK5 residue Val163 (φ � 71.7�, � �
135.9�) are very similar to those of the equivalent CDK2 The interaction of Ile153CDK5 with its binding pocket on

p25 (Figure 4A) may contribute to the selectivity of bind-and ERK2 residues Val164 and Ala187, respectively. The
identification of this conformation in CDK5-p25 shows ing. CDK4 and CDK6, which contain a bulky aromatic

residue at this position (Figure 4C), are completely un-that our model represents the active conformation of
CDK5. Our observation is unlikely to be a consequence able to interact with p25, whereas CDKs with smaller

residues at this position display some residual bindingof phase bias, as the model of unphosphorylated CDK2
(PDB ID code 1fin) was used in molecular replacement activity (Poon et al., 1997). To determine the importance

of Ile153CDK5 in p35 binding, we cotransfected Cos7 cells(Jeffrey et al., 1995), and model rebuilding was required
to account for the observed electron density of the acti- with p35 and either wild-type CDK5 (CDK5WT) or mutants

in which Ile153 was replaced with alanine (CDK5I153A) orvation loop (see Experimental Procedures). We assume
that the Asp to Asn substitution at position 145 is unlikely phenylalanine (CDK5I153F). The presence of CDK5 in p35

immunoprecipitates was then examined by Western blotto affect the conformation of the activation loop, be-
cause the conformation of the main chain around this (Figure 5A). While CDK5WT and CDK5I153A were able to

interact with p35 with equal affinity, association ofresidue in p25-CDK5, CDK2-cyclin A, and phospho-
CDK2-cyclin A is essentially identical. CDK5I153F with p35 was severely impaired. Ile153 is there-

fore critical for association with p25 and could contrib-Thus, an important difference between the activation
mechanism of CDK5 and that of other proline-directed ute to the selectivity of the p35-CDK5 interaction.

Another distinguishing feature of the CDK5 T loop iskinases, such as ERK2 and CDK2, is that the active T
loop conformation of CDK5 is not stabilized by phos- the presence of serine rather than threonine at position

159 (Figure 4C). The side chain atoms of Ser159CDK5 arephorylation but by extensive interactions with the regu-
latory moiety. The finding that this interaction bypasses in van der Waals contact with the side chains of

Asn239p25 and Ile241p25 in the �3-�4 loop (Figure 4A),the requirement for activation loop phosphorylation is
consistent with a number of observations. First, the sub- and the addition of a phosphate group to Ser159 would

generate a steric clash between the interacting surfaces.stitution of S159CDK5 with alanine does not impair the

(B) The N-terminal CBF of cyclin A (orange) is embedded in a different structural context, between the �NT helix, which occupies a different
position relative to p25, and a C-terminal CBF (red).
(C) Sequence alignment of p35 and p39 and comparison with cyclin A and cables. Numbering refers to human p35. The secondary structure
is shown with the same coloring scheme used in (A) and (B). Dashed segments represent regions that were not visible in the electron density.
Positions with at least one atom within 3.8 Å of the CDK moiety are highlighted with the color of the contacting kinase element (green,
PSSALRE helix; dark blue, T loop; light blue, other). The alignment in the �1-�5 fragment was suggested by the superposition of cyclin A and
the CBFL of p25.
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Figure 3. The p25 and Cyclin A after Superposition of the Respec- Figure 4. Comparison of Activation Loop Conformation in CDK2,
tive Kinase Moieties CDK5, and ERK2
(A) The CBFL (yellow) and the N-terminal CBF of cyclin A (orange) (A) Surface representation of p25 with the CDK5 activation loop.
are compared after superimposing the respective kinases. Only the The view is similar to that used in Figure 3B. The position of important
PSAALRE/PSTAIRE and the activation loops of CDK5 (full color) residues is labeled on the molecular surface (yellow for residues in
and CDK2 (halftone) are shown. Other structural elements were the CBFL, red for residues in �6-�7). The activation loop (dark blue)
removed to improve clarity. The �3-�4 loop of p25 forms a wedge is shown together with side chains directed toward the p25 surface.
between the activation loop and the PSSALRE helix. Note the binding pocket occupied by the side chain of Ile153.
In (B), the molecule is viewed after a rotation of 90� about a horizontal (B) The conformation of the T loop in CDK2-cyclin A (orange), phos-
axis. The CBFL engages in a more intimate interaction with CDK5 pho-CDK2-cyclin A (yellow), phospho-ERK2 (red), and CDK5-p25
relative to CDK2-cyclin A and has a rather different orientation. The (blue). The T loop of CDK5 adopts the same conformation observed
�2 and �3 of p25 and cyclin A superimpose well, but �1, �4, and in phosphorylated CDK2 and ERK2.
�5 are related by a concerted rotation about an axis roughly parallel (C) Sequence alignment of the activation loops of several CDKs.
to �3. Colored positions within the CDK5 and CDK2 sequences identify
(C) Sequence alignment of the PSSALRE/PSTAIRE helix of CDK5 residue within 3.8 Å from the activator moiety, and the color defines
and CDK2. The positions of the corresponding secondary structure particular regions of the activators, according to the scheme
elements are shown. Positions with at least one atom within 3.8 Å adopted in Figure 2.
from the respective activator are highlighted using the coloring
scheme adopted in (A) and (B).

either CDK5WT or mutants in which Ser159 has been
changed to alanine (CDK5S159A), threonine (CDK5S159T), or
glutamic acid (CDK5S159E). While CDK5WT or CDK5S159AIn fact, even an apparently conservative substitution,

such as that with threonine, may be sufficient to ad- coimmunoprecipitated with p35 with equal affinity, as-
sociation of CDK5S159E with p35 was severely impairedversely affect binding. To test the role of Ser159 in p35

recognition, we cotransfected Cos7 cells with p35 and (Figure 5B). Binding of CDK5S159T to p35 was also greatly
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diminished, but the levels of association varied some-
what from experiment to experiment, ranging from about
10% to 40% of the binding levels of the WT protein.
Kinase activity of the p35 immunoprecipitates correlated
with the degree of association of the CDK5 variants with
p35 (Figure 5C). Our results suggest that the presence
of serine rather than threonine at position 159 of CDK5 is
a critical determinant of binding selectivity. Furthermore,
our observation likely explains why other CDK family
members that contain a threonine at the equivalent posi-
tion are unable to form high-affinity complexes with p25
(Poon et al., 1997). Finally, the fact that a mutation that
mimics a phosphorylated state completely inhibits p35
(and presumably p39) binding suggests that the phos-
phorylation of Ser159, if occurring, will negatively regu-
late CDK5 activity.

p25 Contributes to Substrate Specificity
Our results show that p25 triggers all conformational
changes required for CDK5 activation in the absence of
activation loop phosphorylation. Like other CDKs, CDK5
has a strong preference for positively charged residues
in the �3 position. For CDK2-cyclin A, the phosphoryla-
tion of Thr160 is essential to encode this specificity.
On the other hand, this specificity is expected to be a
phosphorylation-independent property of CDK5-p25.
To shed light on this issue, we generated a rough model
of the interaction of CDK5-p25 with a peptide substrate.
We did this by superimposing the atomic coordinates
of CDK5 and CDK2 as they occur in CDK5-p25 and in
the complex of phospho-CDK2-cyclin A with a peptide
containing the SPRK sequence (Brown et al., 1999). This
analysis showed that the �3-�4 loop of p25 is likely to
play a role in substrate recognition, in view of its proxim-
ity to the CDK5 substrate binding site (Figure 6A). In
particular, we noticed that Glu240 in this loop appears
to be in a favorable position to interact with a positively
charged residue in the �3 position of the substrate. To
test this hypothesis, we generated recombinant variants
of p20 (a shorter version of p25 containing only the
p25GD) in which Glu240 was mutated into glutamine
(p20E240Q) or alanine (p20E240A). Both mutants bound CDK5
with high affinity and precipitated equal or higher
amounts of CDK5 compared to the wild-type p20 protein
in GST pull-down assays (Figure 6B). We regenerated
recombinant CDK5 activity by mixing bacterially ex-
pressed p20 (wild-type or mutant proteins) with bacteri-
ally expressed CDK5 and then compared the ability of
the CDK5-p20 complexes to phosphorylate a synthetic
peptide of sequence PKTPAKAKKL (abbreviated as
TPAK) (Figure 6C). The p20E240Q complex has a 6.2-fold
reduction in kinase activity compared to the wild-type

Figure 5. Ile153 and Ser159 in the T Loop of CDK5 Are Critical for
p35 Binding CDK5. p35 was immunoprecipitated from transfected lysates fol-
(A) Role of Ile153CDK5 in p35 binding. Cos7 cells were transfected lowed by anti-CDK5 Western blot (top panel). 10 �g of the trans-
with p35 and either no exogenous CDK5, wild-type CDK5, CDK5- fected lysates was Western blotted for CDK5 (middle panel) or p35
I153F, or CDK5-I153A. p35 was immunoprecipitated from trans- (bottom panel).
fected lysates, followed by anti-CDK5 Western blot (top panel). 10 (C) p35 was immunoprecipitated from the transfected cell lysates
�g of the transfected lysates was Western blotted for CDK5 (middle described in (B), and the kinase activity associated with p35 was
panel) or p35 (bottom panel). measured by in vitro immune-complex kinase assays using a syn-
(B) Role of Ser159CDK5 in p35 interaction and kinase activity. Cos7 thetic peptide (PKTPAKAKKL) as substrate. Kinase activity is ex-
cells were transfected with p35 and either wild-type CDK5 or HA- pressed as a percent of the activity of the immune complex precipi-
CDK5-S159A, HA-CDK5-S159E, CDK5-S159T, or no exogenous tated from Cos7 cells transfected with p35 and wild-type CDK5.
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Figure 6. Role of Glu240p25 in Substrate Recognition

(A) A model of the SPRK peptide (Brown et al., 1999) bound to CDK5. The side chain of lysine at the �3 position may be involved in an
interaction with residue Glu240 of p25.
(B) 10 �g of GST, GST-p20, GST-p20 E240Q, or GST-p20 E240A crosslinked to Glutathione Sepharose resin was used to precipitate CDK5
from Cos7 lysates transfected with CDK5, followed by an anti-CDK5 Western blot (top panel). 5 �g of each of the GST protein preparations
used in the top panel was run on a 10% SDS-PAGE gel before crosslinking and stained with Coomassie blue to show equal levels of protein.
(C) 4 �g of GST-CDK5 and either GST-p20, GST-p20 Glu240Q, or GST-p20 Glu240A was combined to reconstitute CDK5-p20 kinase complexes
in vitro. The kinase activity of these three complexes was measured in an in vitro kinase assay using three different synthetic peptides as
substrates: PKTPAKAKKL (TPAK), PKTPKAAKKL (TPKA), and PKTPAAAKKL (TPAA). Kinase activity is expressed as the amount of phosphate
incorporated into the peptide substrates in counts per minute (cpm).

complex. The kinase activity of the p20E240A complex was compared to wild-type p25, although the mutant protein
binds CDK5 with wild-type affinity. This suggests thatseverely impaired, with a 33-fold reduction in peptide

phosphorylation relative to the wild-type complex. This Glu240p35 is important for maximal activation of CDK5.
To investigate the potential role of this residue in sub-is in agreement with the findings of Tang et al. (1997)

that p20E240A has a 90% reduction in CDK5 activation strate recognition, we compared phosphate incorpora-
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Experimental Procedurestion by wild-type and mutant complexes using the TPAK
peptide and two other peptides of sequence PKT

Expression and PurificationPKAAKKL (TPKA) and PKTPAAAKKL (TPAA) as sub-
The cDNAs encoding human full-length CDK5 and residues 99–307

strates (Figure 6C). The wild-type complex preferred the of human p35 (coinciding with p25) were subcloned in the pBAC4X-1
TPAK peptide 2.4-fold over the TPKA peptide and 16.8- transfer vector (Novagen), and the resulting baculovirus was used

for coexpression in insect cells. Insect cells were harvested by cen-fold over the TPAA peptide. Thus, the unphosphorylated
trifugation, resuspended in lysis buffer (50 mM Tris [pH 8.0] andCDK5-p25 complex discriminates in favor of a positive
200 mM NaCl), sonicated gently, and the lysates were cleared bycharge in the �3 position, in agreement with previous
centrifugation. CDK5-p25 was absorbed to Ni-NTA agarose (Qiagen)reports (Beaudette et al., 1993; Sharma et al., 1998,
and eluted using lysis buffer supplemented with 250 mM imidazole.

1999b; Songyang et al., 1996). The p20E240Q and p20E240A
DTT and EDTA were immediately added to final concentrations of

kinase complexes were unable to distinguish between 5 mM and 2 mM, respectively. The eluted protein was dialysed
against buffer A (20 mM Mes [pH 6.0], 50 mM NaCl, 5 mM DTT, andthe TPAK and TPKA peptides and phosphorylated both
2 mM EDTA) and further purified on an FPLC (Pharmacia) usingwith identical efficiency. The mutants also displayed a
S-sepharose HP (Amersham-Pharmacia) equilibrated with buffer A.6.2- and 33-fold reduction in activity toward the TPAK
The complex eluted in a single peak using a NaCl gradient frompeptide relative to the WT protein, but only a 2.7- and
100 to 300 mM. The protein was concentrated by ultrafiltration and

4.8-fold reduction in mutant activity toward the TPAA loaded onto a Superdex 200 column (Amersham-Pharmacia) equili-
peptide. These results strongly implicate Glu240p35 in brated with buffer B (25 mM [pH 8.0], 100 mM NaCl, 2 mM DTT,

and 1 mM EDTA). The elution volume was consistent with a 1:1the recognition of the basic residue in the �3 position
complex devoid of further oligomerization.of the substrate, indicating that p35 directly participates

in substrate recognition, presumably via the creation of
Crystallization and Structure Determinationa negatively charged environment in the proximity of the
Initial crystals of CDK5-p25 were generated by vapor diffusion atligand binding site. The fact that both mutants displayed
20�C using a reservoir buffer containing 20% PEG3350 and 200 mMresidual preference for the TPAK and TPKA peptides
NaI (Hampton Research, Inc.) and a protein concentration of 7 mg/

over the TPAA peptide suggests that other CDK5 or p25 ml, and improved by microseeding. Crystals were gradually trans-
residues are probably involved in the substrate recogni- ferred to cryo-buffer (10% PEG3350, 100 mM tris [pH 7.6], 200 mM

KI, 10 mM DTT, and 25% glycerol) and flash-frozen prior to datation process. Further structural and biochemical analy-
collection. X-ray diffraction data from a monoclinic crystal and twoses will be required to shed light on this issue.
orthorhombic crystals were collected on a Mar CCD (Mar Research,
Germany) at beamline BW7A at EMBL-DESY ( � 1.0079 Å). Data
processing was carried out with DENZO and SCALEPACK (Otwi-

Conclusion nowski, 1993). For subsequent calculations, we used the CCP4 (Col-
The interaction of p25 with CDK5 stabilizes an active laborative Computational Project, 1994) and CNS (Brunger et al.,

1998) suites. Molecular Replacement was carried out using AMoReconformation of the T loop, which is indistinguishable
(CCP4). The CDK2 search model was extracted from PDB ID codefrom those observed in phosphorylated CDK2 and
1fin, representing CDK2-cyclin A (Jeffrey et al., 1995). The two solu-ERK2. We provide evidence that Ile153 and Ser159 in
tions in the monoclinic space group were related by perfect 2-foldthe T loop of CDK5 are critical for p25 and p35 recogni-
noncrystallographic symmetry (NCS). The correlation coefficient

tion and might contribute to the selectivity of the CDK5- and R factor after rigid body fitting were 48.0% and 48.5%, respec-
p35 interaction. Retention of serine in all CDK5 homo- tively, for the monoclinic crystals. Initial phases were improved by

solvent flattening using DM. A solvent boundary for the p25 subunitslogs from yeast to human suggests that the presence
became evident, and NCSMASK (CCP4) was used to generate aof a phosphate acceptor at position 159 might be rele-
mask corresponding to a CDK5-p25 complex. The electron densityvant for CDK5 regulation. We predict that phosphoryla-
was then improved by multicrystal averaging as implemented in thetion of Ser159CDK5, if occurring, would negatively regulate
DMMULTI program (CCP4), using the two complexes present in the

kinase activity. It has been shown previously that phos- monoclinic form and including the two orthorhombic forms. The
phorylation of Tyr15 on CDK5 by Abl is stimulatory (Zuk- new maps showed clear density for p25, and a polyalanine model

was built with program “O” (Jones et al., 1991) and used to improveerberg et al., 2000), while phosphorylation of Tyr15 and
the NCS and solvent flattening masks. A few iterations of this pro-Thr14 by Wee1 family kinases is inhibitory for CDK1 and
cess led to an interpretable density for the entire p25GD. At early2. When taken together, these observations indicate that
stages of model building, it also became clear that the activationphosphorylation and dephosphorylation events similar
loop of CDK5 had to be rebuilt. Model refinement was carried out

to those impinging on mitotic CDKs regulate CDK5 in a with the CNS program suite (Brunger et al., 1998). After rigid body
completely distinct fashion. We also provide structural fitting, several runs of torsion angle molecular dynamics using strict

NCS were applied, followed by positional and grouped B factorand biochemical evidence that the CDK5-p25 complex
refinement, and manual model rebuilding. Toward the end of refine-has devised a novel and distinct mechanism for sub-
ment, tight NCS restraints were introduced, and B factors werestrate recognition and specificity entailing the participa-
refined individually. All residues have φ-
 angles falling within the

tion of the activator subunit. In conclusion, we reveal most favored (84.5%) or additional allowed (15.5%) regions of the
here the molecular mechanism for CDK5 activation by Ramachandran plot. Protein dissolved from CDK5-p25 crystals mi-
p25 and identify a number of key residues that are impor- grated indistinguishably from a fresh sample whose molecular

weight had been verified by mass spectrometry, suggesting thattant for CDK5 activity and could potentially serve as
the N- and C-terminal regions of p25 are present but disordered inregulatory sites for this kinase. This work provides im-
the crystals. Threading analysis was carried out with the PSIpredportant clues as to how CDK5 can be regulated in post-
2.0 server (http://insulin.brunel.ac.uk/psipred/) (Jones, 1999).

mitotic neurons, an area that is yet to be explored. Given
the involvement of CDK5 in diseases of the nervous

CDK5 and GST-p20 Constructs
system, this study can also help to develop strategies CDK5 point mutants S159A and S159E were generated by polymer-
to combat these diseases by manipulating CDK5 kinase ase chain reaction (PCR) using complementary primers containing

the mutation on a HA-tagged human CDK5 template. The PCR frag-activity.



Crystal Structure of the CDK5-p25 Complex
667

ments were subcloned into the BamHI site of pcDNA3 (Invitrogen) Acknowledgments
to create HA-CDK5S159A and HA-CDK5S159E. The CDK5S159T, CDK5I153A,
and CDK5I153F mutants were generated with the same strategy using We thank Lucia Massimiliano for technical support, Victor Lamzin

and the staff of the EMBL-Hamburg outstation for help with datahuman CDK5 as a template, and the resulting PCR product was
subcloned into the EcoRV and BamHI site of pcDNA3. GST-p20 (aa collection, Stephen C. Harrison, Kristian Helin, and Philip W. Hinds

for critical reading of the manuscript, and Laurent Meijer, Neil Mc-145–307 of human p35) was made by PCR on a GST-p35 (aa 1–307)
template, and the PCR fragment was cloned into the EcoRI and SalI Donald, and David Owen for discussions. C.T. is supported through

a grant of the International Association for Cancer Research (AICR)sites of PGEX-4T2 (Amersham-Pharmacia Biotech). The E240A and
E240Q point mutants were generated using GST-p20 as a template. to A.M. A.M. is an EMBO Young Investigator and a Scholar of the

Italian Foundation for Cancer Research (FIRC). The Structural Biol-The PCR fragments were subcloned into the EcoRI and SalI sites
of PGEX-4T2. All mutants were confirmed by sequencing. ogy Unit at the European Institute of Oncology was created with

the generous help of the Giovanni Armenise-Harvard Foundation
for Advanced Medical Research.

Protein Purification of GST-p20 and CDK5
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